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Abstract	Native	to	Australia,	the	Pied	Butcherbird	has	been	extensively	studied	and	transcribed	by	previous	composers,	notably	including	Olivier	Messiaen.	This	may	be	due	to	richness	and	diversity	in	each	bird’s	repertoire,	along	with	parallels	drawn	from	Western	Tonality.	Hollis	Taylor	has	conducted	extensive	study	in	this	field,	notably	with	an	analysis	of	a	transcription	made	by	Messiaen,	that	was	incorporated	in	his	piece	Éclairs	sur	l'au-	delà	(1988-91).	Coupled	with	the	original	field	recording,	Taylor’s	analysis	and	Messiaen’s	score,	this	study	will	reanalyse	the	original	recording	from	which	Messiaen	made	his	transcription.			Zoomusicology	is	a	practice	that	represents	the	nexus	of	research	between	musicology,	biology,	and	science.	At	the	present	time	research	yields	varying	and	inconsistent	accounts	of	the	prevalence	or	absence	of	quantifiable	intonation	among	calls	made	by	animals	in	the	wild.	Audio	frequency	analysis	methods	can	also	be	inconsistent,	potentially	contributing	to	inconclusive	results.	Could	a	comparative	assessment		of	computational	analyses	help	refine	the	process	of	identifying	intonation	from	recorded	audio,	and	establish	a	greater	consensus	in	the	field	of	Zoomusicology?		The	aims	of	this	research	center	on	current	practices	of	field	recording	analysis,	with	the	aim	of	accuracy	in	frequency	data	collection.	A	number	of	computational	spectral	analysis	methods	are	compared	with	the	aim	of	accurately	transcribing	and	notating	the	field	recording.	By	comparing	frequencies	described	in	just	intonation	and	cents,	along	with	alternative	methods	of	notation,	like	the	3D	spectrogram;	this	dissertation	builds	on	Taylor’s	research	in	gaining	an	accurate	understanding	of	the	intonation	and	a	possible	notation	of	the	Pied	Butcherbird,	that	can	be	drawn	upon	in	future	music	compositions,	and	analyses	of	other	creatures	from	the	wild.	
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Chapter	One	
I.														Introduction	Birdsong	has	been	extensively	observed	throughout	recorded	history	and	has	been	the	inspiration	of	hunters,	musicians	and	scientists	alike.	The	study	of	birdsong	can	be	a	point	of	intersection	between	various	scientific	fields,	including:	Biology	and	Ornithology,	Zoomusicology,	Biomusicology,	Anthropology	and	Ethnomusicology,	and	Acoustic	Ecology.		The	diversity	in	songbird	repertoire	(both	within	and	between	species)	can	make	the	phenomena	difficult	to	summarise,	but	also	the	wealth	of	information	from	practitioners	of	diverse	fields,	from	varying	artistic	and	scientific	backgrounds	can	contribute	to	differing	points	of	view.	This	dissertation	does	not	aim	to	come	to	any	definitive	conclusions	in	quantifying	birdsong.	The	main	goal	is	to	develop	a	technique	of	accurately	interpreting	pitch,	and	to	determine	frequency	relationships	between	various	segments	of	a	birdsong	or	phrase.	This	analysis	technique	forms	the	basis	for	composition,	where	harmonic	decisions	are	based	around	the	determined	intervallic	ratios	of	recorded	birdsong.	Through	this	line	of	enquiry,	this	paper	will	disseminate	knowledge	from	different	fields	of	study;	from	Frequency	Analysis,	Zoomusicology,	Biology	and	Music	Theory,	with	the	aim	of	linking	relevant	components	of	each	discipline,	to	inform	the	process	of	field	recording	analysis.	It	does	so	with	a	focus	on	the	species	
Cracticus	nigrogularis,	or	more	commonly	known	as	the	Pied	Butcherbird.	This	species	has	been	the	source	of	inspiration	for	many	composers	including	Olivier	Messiaen.	But	the	analysis	and	interpretation	techniques	can	potentially	be	applied	to	other	species,	field	recordings	or	any	recording	of	a	single	sound	source.	Perhaps	an	accurate	and	reliable	method	of	frequency	analysis	of	field	recording	can	be	the	grounds	for	future	study	and/or	artistic	practise.		
2 
II.												Overview	of	Research	
A.													Animal	Analysis	Scientific	opinion	on	the	prevalence	or	absence	of	musicality	among	animals	is	varied	(Milus,	2000).	To	iterate	this	point,	two	research	perspectives	are	explored.	A	common	view	among	biologists	is	that	animal	vocalisations	are	an	evolutionary	adaptation,	that	serve	a	specific	functional	purpose,	for	example	finding	a	mate	or	reinforcing	territory	(Bernard-Mache,	1997).	From	this	perspective,	music	in	a	traditional	sense	is	unique	to	humans	alone.		Merker,	Morley	and	Zuidema	(2015)	described	five	constraints	that	needed	to	be	met	for	the	creation	of	human	musicality.1	However	some	of	these	constraints	are	not	applicable	in	the	music	creation	of	today.	For	example,	the	fourth	constraint		is	stated	as	“entrainment	with	perfect	synchrony”	(Merker	et	al.,	2015,	p.5).	Merker	et	al	suggest	that	synchrony	in	rhythm	and	dance	is	a	unique	trait	in	humans.	In	the	Postmodernist	era	that	we	occupy,	music	can	be	arrhythmic	or	unsynchronised,	and	still	be	understood	to	be	music	as	a	human	construct.	An	antagonistic	respondent	could	argue	that	animals	could	have	the	capacity	to	“drum	synchronously”,	but	choose	not	to.			 	 	 	 	Others	believe	that	music	is	inherent	within	nature,	and	this	belief	has	been	met	with	some	trepidation.	Gray	(2001)	drew	from	a	variety	of	sources	in	an	attempt	to	draw	parallels	between	wildlife	and	music.	Species	discussed	included	whales	and	birds.	Between	humans	and	a	variety	of	animal	species,	Gray	suggests	specific	similarities	in	rhythm,	phrase	length,	song	length,	vocal	range,	song	structure,	and	tone.	The	nature	of	such	a	broad	discussion	runs	the	risk	of	glossing	over	conclusions	drawn,	without	necessarily	providing	effective	evidence	to	support	statements	made.	Take	this	example:			 “Some	birds	pitch	their	songs	to	the	same	scale	as	Western	music,	one	possible	reason	for	human	attraction	to	these	sounds.	For	example,	notes	in	the	song	of	the	wood	thrush	(Catharus	mustelina)	[HN11](sic)	are	pitched	such	that	they	follow	our	musical	scale	very	accurately.”	(Gray,	2001,	p.	3)			Gray’s	article	provides	a	good	reference	point	to	follow	a	line	of	research,	however	some	statements	made	can	not	be	assumed	as	conclusive	and	can	contribute	to	an	idea	that	
                                                
1 Cultural	Transmission,	Generativity,	Vocal	Production	Learning,	Entrainment,	The	universal	propensity	of	humans	to	gather	together	and	sing	and	dance	in	a	group.	
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researchers	are	attempting	to	discover	harmony	within	the	nature	of	biology,	that	may	be	predominantly	chaotic	and	chance	driven.			Differing	opinions	also	occur	when	analysing	the	intonation	within		birdsong.	A	newly	emergent	field,	Zoomusicology,	coined	by	Francois	Bernard-Machet	in	1989,	has	aimed	at	determining	the	musical	qualities	exhibited	in	non-human	animals	(Doolittle	and	Gingras,	2015).	When	aiming	to	identify	instances	of	intonation	within	birdsong,	different	Zoomusicologists	have	come	to	conflicting	conclusions.	Two	examples	include	Araya-Salas	(2012)	and	Doolittle,	Gingras,	Endres	and	Fitch	(2014).		Araya-Salas	(2012)	analysed	81	recordings	of	Nightingale	wrens,	comparing	the	resemblance	to	three	harmonic	scales2.	With	less	than	2%	of	recordings	being	deemed	as	significantly	close	to	the	allocated	scales,	Araya-Salas	suggested	that	these	birds	are	unlikely	to	sing	in	musically	harmonic	intervals,	and	that	it	would	be	less	likely	for	birds	with	more	complicated	songs	to	correspond	with	these	scales.	Frequency	analysis	was	conducted	in	Araya-Salas’	research	using	
Raven	1.2	(Charif,	Clarke	and	Fristrup,	2004).			Doolittle,	Gringras,	Endres	and	Fitch	(2014)	used	multiple	analysis	techniques	to	suggest	that	the	vocalisations	of	the	Hermit	Thrush	closely	align	with	harmonics	from	a	determined	fundamental.	71	Hermit	Thrush	songs	were	analysed	using	two	different	methods:	Bayesian	estimation	and	the	Least	Squares	regression	model.	The	results	determined	61	and	54	of	the	71	songs	to	be	harmonically	accurate,	respectively.	To	determine	the	frequencies	of	birdsong	components,	Doolittle	et	al	used	Praat	(Boersma	&	Weenink,	2001)	audio	analysis	software.		Contrasting	conclusions	are	understandable	when	attempting	to	respond	to	an	unwieldy	amount	of	gathered	research	data.	For	this	reason	this	paper	will	not	comment	on	the	prevalence	of	music	within	animals.	This	section	merely	provides	some	insight		into	some	of	the	emergent	complexities	when	differing	fields	of	study	converge	on	discussion	of	musicality	among	animals.	
 
                                                
2 Just	intonation	(chromatic),	The	diatonic	scale	and	the	pentatonic	scale.		
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B.												Music	and	Birdsong		The	pervasiveness	of	interest	in	gaining	inspiration	from	birdsong	is	vast	and	comprehensive.	Taylor	(2008)	identified	Clément	Janequin,	George	Frideric	Handel,	Antonio	Vivaldi	and	Olivier	Messiaen	as	notable	composers	using	birdsong	in	their	work.	Pastoral	Symphony	(1802-8)	by	Ludwig	van	Beethoven,	Oiseaux	Exotiques	(1955-6)	by	Messiaen	and	Canticus	Arcticus	(1972)	by	Einojuhani	Rautavaara	are	commonly	referenced	pieces	containing	birdsong	(Taylor	2008).	Taylor	also	listed	numerous	catalogues	of	examples:			 “Catalogues	of	such	works	abound	(such	as	Giddings,	retrieved	12	January	2008;	Doolittle,	2006:	4-5	and	2008;	Rothenberg,	2005:	188-208;	Baptista	and	Keister,	2005;	Urquhart,	2004:	101-129;	Rothenberg	and	Ulvaeus,	2001;	Austern,	1998;	West	and	King,	1990;	Jensen,	R.	d’A.,	1985;	Mache,	1983/1992;	Schafer,	1977;	Hold,	1970:	155);”	(Taylor,	2008,	p.	18)		Composing	with	birdsong	can	broadly	fall	into	a	variety	of	categories.	These	include:		
● Direct	quotation:	the	aim	of	replicating	the	sound	of	a	bird	melodically.	An	example	is	where	composer Clément	Janequin’s	references	the	cuckoo	in	Le	Chant	Des	Oiseaux	(1529)	(see	Figure	1)	(Campbell	and	Lack,	2011).		
● Impressionistic	depiction:	in	Antonio	Vivaldi’s	The	Four	Seasons	(circa	1721),	the	composer	portrays	a	flock	of	birds	singing	and	moving	(Campbell	and	Lack,	2011).		
● Field	recordings	as	part	of	the	work:	Einojuhani	Rautovaara’s	Cantius	Arcticus	(1972)	uses	field	recordings	of	birds	played	alongside	a	symphony	orchestra.		
● Duets	with	birds:	on	the	19th	of	May	1924,	Beatrice	Harrison	performed	the	cello	and	was	accompanied	by	nightingales,	who	were	supposedly	attracted	by	her	playing.3		
● Graphic	notation	based	on	spectrograms	of	birdsong:	spectrograms	are	adapted	by	the	composer	and	interpreted	by	performing	musicians	as	graphic	notation,	like	Lindsay	Vickery’s	Lyrebird	(2014)	(Vickery,	2016).	
                                                
3 "History	of	the	BBC,	Beatrice	Harrison,	cello	and	nightingale	duet	19	May	1924,"	BBC,	,	accessed	May	18,	2017,	http://www.bbc.co.uk/programmes/p01z12h7.	
5 
	Figure	1.	Excerpt	from	Janequin’s	Le	Chant	Des	Oiseaux	(1529)	demonstrating	birdsong	quotation.		Source:	http://imslp.org/wiki/Le_chant_des_oiseaux_(Janequin,_Cl%C3%A9ment)		
	Olivier	Messiaen	(1908-1992)	was	primarily	a	composer,	an	organist	and	a	teacher	(Griffiths,	n.d.).	Messiaen	is	known	for	developing	an	original	style	of	composition,	drawing	on	novel	approaches,	including:	modes	of	limited	transposition4,	use	of	colour	(Messiaen	was	a	synaesthete),	electronic	music	experimentation,	and	innovations	in	orchestration	(Shenton,	2006).	Messiaen	is	regarded	for	bringing		birdsong	notation	and	composition	into	mainstream	public	perception	(Taylor,	2008).		Robert	Fallon	(2016a)	catalogued	all	of	the	bird	species	that	Messiaen	transcribed.	Between	1940	and	the	time	of	his	death,	Messiaen	transcribed	757	birdsongs,	out	of	a	total	of	357	bird	species	(Fallon).	According	to	Fallon,	3.6%	of	the	world’s	known	bird	species	were	transcribed	by	Messiaen.	Though	Fallon	also	raises	questions	concerning	the	accuracy	of	Messiaen’s	transcriptions,	offering	a		number	of	perspectives:	“conclusions	about	his	accuracy	have	been	restricted	to	three	positions:	his	birds	are	accurate,	inaccurate,	or	the	issue	does	not	matter”	(Fallon,	2016b,	p.	115).	
C.													The	Pied	Butcherbird,	Messiaen	and	Hollis	Taylor	The	Pied	Butcherbird,	as	seen	in	Figure	2,	is	native	to	Australia	and	widely	distributed	across	the	country	(Pizzey,	1983).	They	appear	similar	to	the	Australian	Magpie,	but	are	smaller	in	stature,	growing	to	approximately	375mm	(Pizzey).	The	Pied	Butcherbird	is	a	subspecies	of	the	Butcherbird	(Genus	Cracticus),	which	include	black,	grey	and	black-backed	Butcherbirds.	Graham	Pizzey	attributes	their	name	as	follows:	
                                                
4 Within	equal	temperament,	modes	of	limited	transposition	are	scales	that	can	be	transposed	a	limited	number	of	times,	without	all	twelve	chromatic	tones	being	reached.	After	repeated	chromatic	transpositions,	a	scale	will	repeat	and	there	are	no	more	new	transpositions.	
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	 “Butcherbirds	are	so-called	from	their	usual	method	of	dealing	with	prey:	items	too	large	to	swallow	are	dismembered	after	being	wedged	in	a	fork	or	wires	of	a	fence…”	(Pizzey,	1983,	p.	402).		
	Figure	2.	The	Pied	Butcherbird.		Image	Source:	http://images.ala.org.au/store/c/2/8/d/d2aa8be4-73f9-4427-a64a-037786c3d82c/original			Out	of	the	Butcherbirds,	the	Pied	Butcherbird	appears	to	be	the	favourite	for	musical	content.	Vocalisations	of	Pied	Butcherbirds	have	been	the	source	of	inspiration	for	many	composers,	including	Henry	Tate,	Hugh	Dixon,	David	Lumsdane,	Hollis	Taylor,	Don	Harper	and	Olivier	Messiaen	(Taylor,	2011).	The	work	of	Hollis	Taylor	has	extensively	contributed	to	our	understanding	of	the	Pied	Butcherbird's	song.	Taylor	(2008)	developed	a	strategy	for	the	field	recording,	analysis,	and	transcription	of	the	Pied	Butcherbird	song,	and	these	were	implemented	in	numerous	compositions.	Occupying	a	realm	incorporating	both	scientific	rigour	and	artistic	practise,	Taylor	was	able	to	collect	and	describe	the	recordings	in	musical	terms:		 		 	 		 	 	 	 	“A	phrase	is	a	recognisable	and	orderly	group	of	notes;	phrases	are	separated	by	pauses,	which	are	generally	of	the	order	of	several	seconds.	A	motif	is	a	coherent	subsection	of	a	phrase.	A	song	is	a	sustained	singing	performance.	A	single	bird’s	entire	set	of	phrase	types	is	a	song	repertoire.”	(2008,	p.87)5		 	 	 	 	Taylor	identified	various	rhythmic	devices	within	the	Pied	Butcherbird	song	such	as	accelerando,	ritardando,	rubato,	syncopation,	triplets	and	other	tuplets,	anacrusis,	
                                                5	For	the	purposes	of	this	research,	the	term	‘note’,	or	more	specifically	a	musical	note,	refers	to	a	sonic	instance	that	holds	an	identifiable	stable	frequency	centre.	
7 
augmentation,	diminution,	and	rhythmic	tension	(i.e.	movements	from	adagio	to	allegro)	(Taylor,	2008,	p.	99).	Phrasing	techniques	such	as	crescendo	and	ostinato	are	observed	as	facets	of	both	Pied	Butcherbird	song	and	human	music.	Alongside	these	elements,	Taylor	uses	spectrogram	visualisations	as	an	additional	means	of	analysing	birdsong.	This	multipronged	approach	allows	readers	from	musical	and	scientific	backgrounds	a	greater	chance	of	understanding	her	research.		In	the	following	chapter,	Taylor	(2008)	recorded	and	compared	performances	from	a	variety	of	locations.	While	there	are	some	similarities	in	birdsong	phrases	recorded	in	nearby	regions,	Taylor	observed	no	exact	matches.	Recording	from	the	same	location	in	consecutive	years	also	yielded	similarities	but	no	exact	matches.	An	overarching		point	that	Taylor	conveys	is	the	sheer	diversity	of	Pied	Butcherbird	repertoire,	with	each	bird	developing	their	own	unique	repertoire.	Coupled	with	their	ability	to	mimic	other	species,	the	potential	repertoire	of	each	bird	was	deemed	too	vast	for	the	study	to	summarise:		 “Despite	the	optimistic	scope	of	the	survey,	it	is	essentially	exploratory	in	nature.	I	do	not	pretend	to	present	an	exhaustive	account	of	the	song	of	the	Pied	Butcherbird;	there	is	much	more	to	the	story	than	space	allows,	and	my	fieldwork	and	analysis	are	ongoing.”	(Taylor,	2008,	p.	177)		 	 	 	 	This	suggests	room	for	further	research	into	the	vocalisations	of	the	Pied	Butcherbird.	Taylor’s	Bird	song	transcription	process	is	influenced	by	her	experience	as	a	classical	musician.	She	states	that	she	notates	using	standard	notation,	where	the	recording	will	generally	“quantize”	to	equal	temperament	(12TET).	For	the	“occasional”	microtonal	pitches	“that	the	ear	would	not	smooth	out”,	she	implemented	arrowheads	pointing	up	and	down	from	the	closest	pitch	to	indicate	deviation	from	12TET	(Taylor,	2008,	p.	47).		When	trying	to	determine	a	method	of	analysing	frequency,	Taylor	(2008)	compared	various	analysis	softwares:		 “I	spent	considerable	time	investigating	how	to	best	detect	“exact”	frequency	(Taylor,	2006),	comparing	the	software	Audacity	1.2.4b,	Amadeus	II	v3.8.7,	AudioSculpt,	PRAAT,	and	Raven	1.2.	The	process	produced	inconclusive	results”	(2008,	p.	77).		Messiaen	referenced	the	Pied	Butcherbird	in	the	piece	Éclairs	sur	l'au-delà	(1988-91)	in	movements	4,	8	and	10	(Fallon,	2016a).	In	2014,	Taylor	analysed	some	transcriptions	that	Messiaen	made	from	field	recordings	of	the	Pied	Butcherbird	that	were	sent	to	him.	Taylor	obtained	the	original	audio	recordings	and	performed	spectral	and	waveform	analysis.	Her	
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conclusion	was	that	Messiaen’s	transcriptions	were	not	accurate	(see	Figure	3),	and	it	appeared	that	Messiaen	would	be	already	composing,	whilst	transcribing:			 “Messiaen’s	transcriptions	suggest	that	he	dealt	with	the	tasks	of	collecting	and	composing	as	interwoven	and	interdependent	components.	What	Messiaen	heard,	saw,	thought	and	felt,	was	filtered	by	and	through	his	personal	musical	vocabulary,	which	he	had	so	robustly	and	systematically	begun	to	define	as	early	as	1942,	when	he	wrote	The	
Technique	of	My	Musical	Language.”	(Taylor,	2014,	p.	98)	
		This	study	has	been	able	to	acquire	a	copy	of	one	of	the	recordings	that	Messiaen	transcribed,	entitled	Bird	Calls	of	the	Inland	(Crouch	and	Crouch,	1977)	for	research	purposes.	
	Figure	3.	Excerpt	of	Messiaen’s	transcription	and	analyses	(above),	compared	with	Taylor’s	interpretation	of	the	same	recording	(below)	(Taylor,	2014,	p.	78-79).		
D.												Bird	Calls	of	the	Inland	(recording)	The	recording	of	the	Pied	Butcherbird	(Crouch	and	Crouch,	1977),	transcribed	by	Messiaen	and	analysed	by	Taylor,	forms	the	focal	point	of	this	study.	The	original	recording	is	entitled	Bird	
Calls	of	the	Inland	(1977)	was	produced	onto	cassette.	It	is	rare	and	under	copyright.	With	the	assistance	of	the	Museum	of	South	Australia,	permission	was	granted	to	use	this	recording	for	research	purposes.	A	preservation	copy	was	made	and	sent	over	for	analysis.	The	recording	was	converted	to	digital	WAV	file,	with	an	audio	sampling	rate	of	96kHz.	However,	either	because	of	the	original	recording	equipment	used,	or	due	to	degradation	over	time,	audio	quality	was	poor,	with	prominent	background	noise.	Nevertheless	it	was	still	useable	for	frequency	analysis.	Noise	reduction	was	applied	using	Adobe	Audition	(2017)	and	a	WAV	copy	was	exported	at	the	same	96kHz	sample	rate.		
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	Each	of	the	43	tracks	on	this	cassette	feature	a	recording	of	the	vocalisation	of	an	Australian	native	bird.	The	Pied	Butcherbird	recording	that	was	analysed	is	the	final	recording	(track	43	on	side	B).	Because	the	digital	copy	that	was	sent	included	all	of	side	B,	this	track	was	initially	cut	and	exported	as	a	WAV	file	(from	13:21-15:12).		
E.												Identifying	Phrases	and	Notes	A	primary	ornithological	method	for	the	analysis	of	birdsong	frequency	is	the	spectrogram	(Mundy,	2009).	Frequencies	of	a	recorded	sound	are	visually	represented	on	a	graph.	Frequency	occupies	the	vertical	axis	(low	to	high),	and	the	horizontal	axis	denotes	time.	Figure	4	illustrates	a	spectrogram	of	the	entire	Pied	Butcherbird	recording	over	four	consecutive	rows.	The	black	markings	reflect	bird	vocalisations.	When	observing	the	recording	visually,	it	becomes	apparent	that	the	birdsong	was	produced	in	clusters,	separated	by	gaps	or	pauses.	These	clusters	can	be	understood	from	a	musical	perspective	as	phrases.	The	Bird	Calls	of	the	Inland	recording	captured	a	total	of	26	phrases.	Each	was	assigned	a	number	in	order	of	when	they	occur.	In	Figure	4,	the	circles	identify	a	specific	phrase	that	is	repeated;	phrases:	3,	5,	9,	14,	19	and	21.	The	spectrogram	can	make	it	easy	to	distinguish	the	visual	similarity	between	these	phrases.	The	entire	recording	can	be	classified	as	a	song	(although	it	is	unclear	whether	the	bird	sang	before	or	after	the	recording	was	taken).	The	final	phrase	(26)	is	cut	short,	where	the	recording	ends.	The	shape	of	the	final	phrase	suggests	that	it	would	have	transpired	similarly	to	the	circled	phrases	as	indicated.	Knowing	the	start	and	end	time	of	the	recording	(along	with	having	the	entire	recording)	may	shed	insight	into	the	macro	structure	at	play	in	this	birdsong.	We	do	not	know	how	long	the	bird	was	singing	prior	to	or	after	this	recording	was	taken,	and	simply	have	to	work	with	this	data	as	observed.		
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	Figure	4.	Spectrogram	of	Pied	Butcherbird	Recording	from	Bird	Calls	of	the	Inland	(Crouch,	1977).	Track	43,	13:21-15:12.		When	each	phrase	is	considered	in	isolation,	individual	notes	can	be	identified	in	a	similar	way	but	over	a	shorter	time	scale.	Notes	exist	within	a	phrase	and	are	either	separated	by	a	pause	or	a	significant	change	in	frequency.	Figure	5	shows	phrase	3	of	the	recording.	Some	individual	notes	can	be	characterised	as	having	a	pitch	contour,	whereas	others	appear	to	articulate	more	steady-state	pitches.		
	Figure	5.	Spectrogram	of	Bird	Calls	of	the	Inland.	Track	43,	phrase	3.	Separated	black	markings	distinguish	between	note	instances. 
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III.									Research	Question	and	Aims	The	study	of	birdsong	is	an	interdisciplinary	point	of	focus,	drawing	from	a	variety	of	perspectives,	both	artistic	and	scientific.	Can	a	focus	on	intonation	of	the	Pied	Butcherbird	allow	a	variety	of	readers	to	obtain	a	basic	understanding	of	analysis	of	birdsong	field	recordings?			This	study	aims	to	be	understanding	of	various	backgrounds	of	readers.	Assumed	knowledge	is		minimal.	Scientific	and	musical	terms	used	are	clarified.	Visual	methods	(like	images,	notation	and	3D	spectrograms)	are	employed	in	a	multi	pronged	strategy	to	help	gain	a	collective	understanding	of	birdsong	analysis.		Two	Zoomusicological	studies	of	birdsong	intonation	(discussed	in	section	II	Overview	of	Research,	subsection	A	Animal	Analysis),		gave	contrasting	results.	Granted	these	were	studies	of	different	species,	and	while	they	both	test	for	the	prevalence	of	harmony	in	birdsongs,	the	methodologies	are	different,	and	frequency	analysis	methods	also	differ.	Are	these	contrasting	results	purely	due	to	the	different	species	under	study?	Or	could	methodological	differences	also	contribute	to	divergent	outcomes?			This	dissertation	will	compare	some	frequency	analyses	methods,	with	the	aim	of	identifying	potential	inconsistencies,	and	the	hope	to	determine	the	most	accurate	and	practical	way	to	determine	inherent	frequencies	of	a	recorded	sound	(between	the	chosen	analysis	methods).	
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Chapter	Two	
I.									Methodology	
A.													Overview	This	research	project	centers	primary	on	two	distinct	research	methodologies:	Zoomusicological	research,	informed	by	systematic	computational	analysis,	and	Practice-based	research.		1.	Zoomusicological	research.	By	drawing	on	a	comparison	of	computational	musical	analyses,	this	section	aims	to	accurately	transcribe	a	recording	of	the	Pied	Butcherbird.	Excerpts	of	a	transcription	by	Messiaen	is	compared	with	the	original	recording.	An	analysis	and	transcription	of	the	same	recording,	that	was	conducted	by	Hollis	Taylor;	is	also	compared.	Comparing	individual	notes	in	similar	phrases	will	give	a	sense	of	how	accurately	the	bird	repeated	notes	and	phrases.	While	sorting	all	of	the	recorded	notes	by	frequency,	and	then	counting	them	may	reveal	the	most	common	tones	that	the	bird	sung.	This	paves	the	way	for	further	analysis.		2.	Practice-based	research.	The	chief	goal	is	to	be	able	to	compose	music,	where	the	recorded	birdsong	forms	the	melody.	An	ensemble	of	instruments	can	then	complement	the	birdsong	melody.	This	can	be	done	using		transcription	and	existing	harmonic	practise.	But	perhaps	we	can	draw	inspiration	not	just	from	ideas	attempting	to	replicate	into	melody,	timbre	and	dynamic.	It	may	be	possible	to	develop	new	tuning	and	alternative	harmonic	practises,	based	on	the	accurate	frequency	and	intonation	analysis	of	field	recordings.	A	compositional	and	scoring	method	that	utilises	the	3D	spectrogram	is	demonstrated	as	a	creative	tool	used	for	the	creation	of	harmony	and	as	a	score,	to	potentially	foster	intuition	in	composing	and	playing	musical	instruments	with	birdsong.		My	practise	as	a	composer	is	currently	focussed	around	developing	an	alternative	tuning	system,	that	aims	to	integrate	mathematics	with	harmony.	By	observing	frequencies	as	whole	numbers,	and	by	representing	frequencies	with	colour,	understanding	harmony	from	a	fundamental	perspective	could	become	more	intuitive.	This	creative	outlook	has	led	to	the	development	of	3D	printed	flutes,	a	16	tone	harmonic	piano	and	the	3D	spectrogram	score.	My	
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main	aim	is	to	be	able	to	calibrate	musical	instruments	to	be	able	to	complement	recorded	birdsong,	where	instrument	parts	serve	as	a	‘counterpoint’	to	the	recorded	birdsong.	I	intend	to	use	this	process	as	inspiration	for	the	creation	of	new	compositions. 
B.													Slowing	Down	Recordings	Healy,	McNally,	Ruxton	and	Cooper	(2013)	outlined	a	relationship	between	the	size	of	an	animal	and	its	temporal	perception.	As	a	general	rule,	the	smaller	the	animal,	the	slower	its	perception	of	time.	To	a	bird,	their	vocalisations	may	be	perceived	to	be	lower	in	pitch,	due	to	time	moving	slower	for	them.	There	are	a	few	plausible	explanations	for	this:			 1.					Smaller	animals	have	smaller	neural	networks.	This	means	that	information	transfer	from	sensation	to	perception	can	be	a	quicker	process;	2.					Smaller	brain	capacities	may	interpret	less	information,	or	perceive	at	a	more	superficial	or	fundamental	level.	This	process	may	be	more	efficient.			Whilst	the	relationship	between	an	animal’s	size	and	perception	of	time	is	not	fixed,	Healy	et	al	(2013)	conducted	the	first	scientific	experiment	that	was	able	to	confirm	a	general	trend.	By	determining	the	critical	light	flicker	frequency	that	animals	can	perceive,	Healy	was	able	to	compare	a	variety	of	animal	species	and	identify	a	general	trend	of	faster	temporal	perception	among	smaller	animals.		What	this	means	is	that	if	we	can	slow	down	the	vocalisations	of	birds,	it	is	possible	that	we	can	interpret	them	in	greater	context	with	how	birds	hear	each	other.	The	other	advantage	of	slowing	down	birdsong	is	that	it	makes	the	human	process	of	interpretation,	transcription,	and	working	within	software	environments	more	immediate,	since	the	pitches	are	brought	down	to	the	within	the	human	vocal	range,	they	may	also	be	easier	to	discern	aurally.	The	Pied	Butcherbird	phrase	under	analysis	has	been	slowed	to	half	speed.	This	intern	brings	all	frequencies	down	to	half	their	original	values.		
C.											Frequency	and	Intonation	Analysis			The	Pied	Butcherbird	recording	(Crouch	and	Crouch,	1977)	was	slowed	down	to	half	speed	and	put	into	Sonic	Visualiser	for	Spectral	analysis.	The	visual	spectrogram	allowed	me	to	identify	and	separate	the	audio	recording	into	phrases	and	then	notes.	Phrases	that	resembled	similar	
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note	structures	and	pitch	contours	were	grouped	together	and	labelled	with	colours.	Phrases	were	also	split	up	into	notes	and	exported	as	separate	audio	files,	for	frequency	analysis.		To	gauge	the	inconsistent	nature	of	frequency	analysis	in	software,	this	study	settled	on	two	spectral	analysis	softwares	for	comparison:	Praat	and	Adobe	Audition.	Spectral	analysis,	relying	on	an	algorithm	called	the	Fast	Fourier	Transform,	takes	the	waveform	of	an	audio	recording	and	splits	it	up	into	component	frequencies.	Principle	component	analysis	(PCA)	is	a	method	of	extracting	the	strongest	average	frequency	over	a	period	of	time.	A	different	analysis	method	was	also	compared:	a	frequency-domain	amplitude-sorting	histogram	(FDASH).	This	latter	method	determines	the	strongest	instantaneous	frequency	of	an	audio	file	playing	in	real-time.	Dr	Stuart	James	developed	this	tool	in	Max/MSP,	for	accumulating	frequencies	over	time	using	a	65,536	sample	FFT6,	and	sorting	these	from	strongest	to	weakest.	As	the	audio	file	plays,	the	table	of	frequencies	reshuffles	as	stronger	frequencies	progressively	discard	weaker	ones.	Most	importantly,	successful	collusion	between	two	differing	methods	of	frequency	analysis	would	hold	greater	weight	in	suggesting	an	accurate	result.	The	closest	two	frequency	results	for	each	recorded	note	(incorporating	both	PCA	and	and	FDAS)	were	averaged,	for	a	single	frequency	result	for	each	note.		Another	different	frequency	analysis	method	was	trialed:	the	Sigmund~	object;	a	pitch	tracking	plugin	for	Max/MSP	that	was	developed	by	Millette	Pucker.	However	when	analysing	the	same	audio	file	multiple	times,	this	plugin	would	produce	different	frequency	readings	for	each	occurrence.	This	technique	was	deemed	too	unreliable	for	the	accuracy	requirement	of	this	study.		A	limit	of	variance	was	set	at	0.5793%	(or	10	cents).	If	the	two	contrasting	analysis	results	varied	beyond	this	threshold,	the	average	was	deemed	inconclusive	and	not	included	in	further	analysis.	With	a	single	result	for	each	note,	the	results	were	analysed	and	compared,	looking	for	patterns	and	inconsistencies	in	the	data.			Repeated	or	similar	phrases	were	compared	to	observe	frequency	variation	between	them.	Similar	phrase	types	were	observed	and	colour	coded.	Notes	across	similar	phrases	were	averaged	to	determine	the	variance	in	frequency	over	successive	iterations.		Finally,	a	histogram	was	created	in	Microsoft	Excel	(2008)	that	ordered	all	note	frequencies	gathered,	sorting	them	in	bins	from	lowest	to	highest	frequency.	Four	isolated	bins	with	the	
                                                
6 A	65,536	sample	FFT	returns	amplitudes	and	phase	for	32,768	frequencies,	with	a	fundamental	frequency	(F0)	of	0.673	Hz. 
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highest	incidence	of	note	occurrence	were	identified,	and	then	their	respective	frequencies	were	divided	between	each	other.	This	gave	a	simple	matrix	of	common	interval	ratios	used	within	the	recording.	Identifying	an	approximate	common	denominator	between	common	frequencies	may	prove	influential	in	calibrating	the	recorded	birdsong	to	the	3D	spectrogram	scoring	method7.	
II.												Analysis	Refinement	A	preliminary	pitch	tracking	(PCA)	analysis	was	conducted	on	phrases	1	to	4	(a	total	of	31	notes),	using	Praat	(2017),	Audition	(2017),	and	FDASH	(2017)	analysis	performed	using	Stuart	James’	patch.	The	average	variance	between	analyses	was	.7%	(or	25cents).	With	the	established	variance	limit	being	set	at	0.5793%	or	10	cents8,	it	appeared	that	at	this	rate,	many	results	would	be	deemed	inconclusive.		Due	to	the	non-steady-state	frequency	contour	within	the	recording,	this	was	prone	to	skewing	the	average	detected	fundamental	frequency	over	a	given	window	of	time.	Because	software	analyses	methods	can	respond	differently,	differing	results	may	be	compounded	due	to	increased	frequency	variation	within	a	recording.	The	decision	was	made	to	re-edit	the	audio	files,	isolating	the	areas	of	notes	that	had	a	steady	and	sustained	frequency	contour.	This	is	demonstrated	in	Figure	6.			
Praat	(2017)	was	used	to	identify	the	most	horizontally	stable	frequency	contour	within	each	note.	The	start	and	end	times	of	the	selection	were	noted	and	new	component	audio	wave	files	were	exported.	With	carefully	selected	steady-state	segments	of	audio,	frequency	analyses	was	conducted	for	the	entire	recorded	birdsong.	From	here,	the	PCA	and	FDASH	computational	analysis	methods	were	applied	to	the	same	steady-pitch	segments	of	audio.		When	isolating	areas	of	stable	frequency	contour	with	Praat,	using	the	pitch	tracking	tool,	this	process	was	conducted	by	using	a	computer	mouse	to	select	the	stable	frequency	area,	and	then	note	the	start	and	end	times	(for	audio	export	in	other	software).	There	is	a	human	element	within	this	step	of	the	process	where	the	author	would	decide	and	estimate	the	most	stable	and	
                                                
7 Discussion	of	3D	spectrogram	scores	and	calibrating	field	recordings	takes	place	in	section	IV,	sub-section	E).	
 
8 Cents	refers	to	logarithmic	ratio	increments	of	musical	notes	(based	around	equal	temperament).	An	octave	equates	to	1200	cents,	and	a	semitone	equals	100cents.	The	formula	for	converting	a	ratio	to	cents	is	1200*log2(F2/F1).	
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definitive	part	of	a	birdsong	note.	Repeating	this	process	may	produce	slightly	different	results	as	decisions	on	what	constitutes	a	note	can	be	subjective.	Also	the	nature	of	using	the	mouse	makes	it	very	difficult	to	select	exactly	the	same	area	twice.	When	applying	this	process	over	a	larger	sample	size	however,	the	variation	in	results	due	to	selecting	slightly	different	‘stable	frequency	areas’	may	be	inconsequential.	
	Figure	6.	Evaluating	the	pitch	contour	of	a	single	birdsong	note.	The	area	of	most	stable	frequency	is	selected	(between	the	red	lines).	Selection	start	and	end	times	were	recorded	and	the	selected	section	exported.		For	the	purposes	of	intonation	analysis,	notes	that	had	no	discernable	steady-state	or	stable	detected	pitch9	were	also	removed,	even	if	the	variance	between	the	PCA	and	FDASH	analyses	was	less	than	10	cents.	If	the	analysis	techniques	correlated,	this	still	may	not	accurately	represent	the	specific	frequencies	within	a	note	as	every	note	with	have	some	variation	in	pitch,	and	the	detected	pitch	will	always	be	an	approximation.		
                                                
9 In	some	notes	the	Pied	Butcherbird	used	techniques	akin	to	tremolo	or	long	glissandi,	that	made	finding	a	stable	pitch	contour	problematic.	
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Table	1.	Comparison	of	preliminary	analysis	findings,	to	analysis	incorporating	steady-state	pitch	contours.	
		Based	on	the	frequency	analysis	findings,	the	process	for	analysing	the	recording	is	as	follows:	
1. Slow	the	recording	to	a	speed	where	note	frequencies	fall	in	the	human	vocal	range	(for	this	analysis,	pitch	shifted	notes	ranged	between	300-1200Hz). 
2. Use	Sonic	Visualiser	to	conduct	a	visual	spectrogram	of	the	entire	recording.		Whilst	listening	to	the	recording,	observe	the	spectrogram,	identifying	and	noting	phrases,	notes	similarities	between	phrases,	notes	that	may	be	difficult	to	analyse. 
3. Open	recording	in	Praat	and	use	the	pitch-tracking	tool	to	identify	the	most	stable	frequency	contour	and	record	the	start	and	end	times. 
4. Export	as	separate	WAV	files	(may	require	other	software	as	this	function	did	not	appear	to	work	in	Praat(2017)).	Label	files	sequentially	by	Phrase/Note. 
5. Analyse	frequency	of	each	file	using	FDASH	analysis.	Record	results	in	a	spreadsheet	that	contains	corresponding	timecodes	and	phrase/note	labels. 
6. Use	a	PCA	frequency	method	on	the	same	audio	files. 
7. Compare	two	readings	for	each	file.	If	variance	is	less	than	10	cents,	include	the	mean	within	data	set.	 
        Preliminary Analysis Comparison            Refined Frequency Analysis Comparison
Phrase 
Label
Audition 
PCA 
(Hz)
Praat 
PCA 
(Hz)
Max/MSP 
FDSAH 
(Hz)
Range 
(%)
Range 
(cents)
Audition 
PCA 
(Hz)
Praat 
PCA 
(Hz)
Max/MSP 
FDASH 
(Hz)
Range 
(%)
Range 
(cents)
Range 
(%)
Range 
(cents)
101 743.04 702.1 738.86 5.8311 98.116 758.2 757.38 759.72 0.30896 5.3406 0.20047 3.4672
102 873.35 868 862 1.3167 22.646 915.2 922 919.2 0.74301 12.816 0.30461 5.2655
103 606.62 619.6 611 2.1397 36.653 627.3 624.25 627.15 0.48859 8.438 0.02392 0.414
104 731.42 716.3 716.65 2.1108 36.163 745.4 741.29 736.17 1.25379 21.571 0.69549 11.999
105 579.89 581.5 582.07 0.3759 6.4961 592.9 603.31 597.55 1.75578 30.133 0.78428 13.525
106 767.89 775.2 763.76 1.4979 25.739 NA 849.58 847.2 0.28093 4.8567 0.28093 4.8567
107 615.15 614.3 615.04 0.1384 2.3938 630.5 630.26 630.5 0.03808 0.6591 0 0
108 757.2 754.8 757.7 0.3842 6.6388 777.9 778.18 777.2 0.12609 2.1816 0.09007 1.5586
201 651.6 651.2 654.01 0.4315 7.4544 669.9 672.14 668.88 0.48738 8.4172 0.15249 2.638
202 650.74 655.2 645.32 1.531 26.305 680 659.96 662.82 3.03655 51.787 0.43336 7.4863
203 745.96 740.3 736.84 1.2377 21.296 764.4 765.62 757.03 1.1347 19.534 1.1347 19.534
204 512.04 514.8 512.76 0.539 9.3066 526.7 525.19 526.22 0.28751 4.9704 0.09122 1.5785
205 670.74 657.9 653.4 2.6538 45.345 606.9 603.24 602.26 0.77043 13.287 0.16272 2.8148
206 637.36 634.4 629.85 1.1923 20.52 651.7 651.44 652.05 0.09364 1.6203 0.05371 0.9295
207 732.7 728.5 732.13 0.5765 9.9524 753.3 756.16 752.99 0.42099 7.273 0.04117 0.7126
208 511.68 522.7 516.8 2.1537 36.89 529.9 529.49 529.58 0.07743 1.34 0.017 0.2942
209 1132.11 1142 1126.46 1.3795 23.72 1166 1164.8 1157.41 0.74217 12.801 0.63763 11.004
301 518.52 523.7 520.16 0.999 17.209 532.2 531.83 531.6 0.11287 1.9529 0.04327 0.7489
302 509.64 508 506.7 0.5802 10.016 520.9 519.18 520.16 0.33129 5.726 0.14226 2.4612
303 505.81 505.1 505.36 0.1406 2.4318 518.8 518.55 518.82 0.05207 0.9012 0.00386 0.0667
304 500.52 503.5 502.67 0.5954 10.277 516.8 519.87 516.8 0.59404 10.254 0 0
305 612.45 616.7 615.72 0.6939 11.972 633.3 628.88 631.86 0.70284 12.125 0.2279 3.941
306 711.46 710.3 721.36 1.5571 26.749 733.4 729.25 740.2 1.50154 25.802 0.92719 15.978
307 677.82 686.9 682.33 1.3396 23.037 705.3 697.95 699.83 1.05308 18.136 -0.2686 -4.657
308 616.25 613 616.39 0.553 9.5477 634.8 629.75 633.88 0.80191 13.827 0.14514 2.5109
309 614.09 612.3 614.37 0.3381 5.8429 627.9 629.15 631.19 0.52397 9.0474 0.32425 5.6044
310 615.33 613.4 613.02 0.3768 6.5114 628.7 629.11 628.5 0.09706 1.6795 0.03182 0.5508
311 1143.2 1147 1145.97 0.3674 6.3487 1172 1176.6 1172.89 0.3942 6.8111 0.07594 1.3142
401 357.52 376 362.03 5.1689 87.25 364.1 359.34 370.1 2.99438 51.079 1.6479 28.296
402 701.4 717.5 722.71 3.0382 51.815 737.3 721.41 742.22 2.88463 49.233 0.6673 11.514
403 1188.46 1198 1159.43 3.3266 56.655 1197 1189.1 1190.38 0.66521 11.478 0.10849 1.8771
Average 
Variance 
(Range) 1.4376 24.56
Average 
Variance 
(Range) 0.79855 13.71 0.29614 5.106
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8. For	comparisons	with	more	than	10	cent	variance,	use	another	software	frequency	analysis	method.	If	two	methods	have	less	than	10	cents	variance,	include.	If	not	then	result	is	deemed	inconclusive. 
III.											Results	Twenty-six	phrases	were	identified	with	a	total	of	193	notes	analysed,	making	up	the	entire	Pied	Butcherbird	Bird	Calls	of	the	Inland	recording.	184	notes	passed	the	threshold	of	being	within	0.5793%	variance	(10	cents)	between	closest	members	of	the	PCA	and	FDASH	analysis	methods.	Average	variance	across	the	included	notes	was	0.1258%	or	2.17	cents10.	When	overall	average	variance	is	based	on	all	three	analyses11,	it	came	to	was	0.763%	or	13.163	cents.	compared	with	the	initial	analysis	of	the	first	four	phrases	with	average	variance	of	1.429%	or	24.558	cents	(refer	to	Table	1).		Figure	7	illustrates	one	such	phrase	transcribed	by	both	Messiaen	and	Taylor,	and	for	comparative	purposes	it	is	included	here	to	show	some	of	the	subtle	differences	that	can	be	seen	between	each	transcription.	
	Figure	7.	Phrase	1	as	transcribed	by	Taylor	and	Messiaen	(Taylor,	2014)12.	The	top	line	is	Taylor’s	transcription.	Messiaen’s	transcription	is	in	the	middle.	The	bottom	line	is	the	author’s	analysis	and	transcription.			A	transcription	of	the	entire	recording	was	made	based	on	these	results,	by	overlaying	a	spectrogram	in	logarithmic	proportion	onto	a	musical	treble	clef	stave	(see	Figure	8).	The	frequency	results	were	placed	underneath	each	respective	phrase,	along	with	corresponding	
                                                
10	See	appendices	for	a	full	breakdown	of	the	results	
11	PCA	analysis	in	Praat	and	Adobe	Audition,	and	FDASH	analysis	in	Max/MSP.	
12 Top	phrase	is	Taylor’s	transcription.	Middle	phrase	is	Messiaen’s	transcription	(Taylor,	2014,	p.	81).	
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note	names	with	microtonal	deviations	from	the	equal	tempered	scale	displayed	as	±	cent	values.		
	Figure	8.	Transcription	of	the	Bird	Calls	of	the	Inland	recording,	with	frequency	and	pitch	values	compared	underneath	using	a	proportional	spectrogram	as	music	notation.	Due	to	the	disproportionate	nature	of	musical	ledger	lines,	there	may	be	slight	discrepancies	as	to	where	the	spectrogram	falls	on	the	stave.	However	the	frequency/note	readings	beneath,	serve	to	clarify	the	note	values.			Of	the	six	identified	phrase	types,	two	had	the	highest	incidence	of	occurrence,	with	six	repetitions.	These	are	colour	coded	pink	and	green.	Of	these	repeated	phrases,	Figure	9	shows	repeated	renditions	of	the	pink	phrase	superimposed	as	a	plot	of	frequency	versus	note	instance,	and	this	allowed	for	tracking	variance	in	pitch	on	specific	notes	within	a	phrase.	One	
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phrase	type,	colour	coded	yellow,	occurred	only	once,	with	the	lowest	incidence,	and	consequently	this	phrase	could	not	be	compared	with	other	instances.	The	removal	of	non-stable	frequency	notes,	along	with	the	single	occurrence	phrase,	left	147	notes	that	satisfied	phrase	comparison	criteria.	The	average	variance	of	equivalent	notes	across	all	similar	phrases	was	1.682%	or	28.88	cents	as	highlighted	in	Figure	10.	This	suggests	that	when	the	Pied	Butcherbird	repeated	a	specific	note	in	a	phrase,	the	pitch	varied	by	an	average	variance	of	just	wider	than	an	eighth	of	a	tone.	
	Figure	9.	A	repeated	phrase	compared	to	evaluate	frequency	variations	in	phrase	repetitions.	
	Figure	10.	All	phrases	overlaid	over	a	single	bar	graph.	
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In	order	to	establish	frequency	occurrence	for	the	superset	of	detected	frequencies,		non-stable	frequency	notes	were	included	bringing	the	total	analysed	notes	to	192.	Four	isolated	frequencies	with	five	or	more	incidences	were	identified:	519.288	Hz,	636.604	Hz,	739.581	Hz	and	854.3687	Hz	as	shown	in	Figure	11.	The	most	common	frequency	sung	was	around	636.604	Hz,	and	50	(26%)	of	the	analysed	notes	occurring	between	621.478	Hz	and	648.42	Hz,	a	span	of	approximately	¾	of	a	semitone	(73.4703	cents).		
	Figure	11.	Isolated	frequency	bins	with	five	or	more	occurrences	are	circled	in	red.		Dividing	these	four	common	frequencies	into	each	other	gives	the	final	result,	a	matrix	of	twelve	frequent	interval	ratios.13	Comparing	these	ratios	to	integer	ratio	tables	revealed	an	approximate	correlation	with	integer	divisors	of		the	number	18.	This	is	demonstrated	in	the	Table	2	,	where	the	common	recorded	interval	ratios	(R)		have	been	aligned	with	the	closest	integer	divisors	of	18	(A/18).	The	average	variance	between	(R)	and	(A/18)	was	0.4906%	or	8.47	cents.	This	means	that	by	creating	a	musical	key	with	note	frequencies	drawn	from	integer	ratios	of	18,	it	is	possible	that	the	resultant	notes	could	be	more	complimentary	to	the	recording	then	if	using	notes	drawn	from	12TET.	Table	2	suggests	this	by	also	comparing	(R)	with	the	closest	equivalent	12TET	ratios.	This	average	variance	from	12TET	is	greater,	at	1.98%	(or	33.901	cents),	than	the	average	variance	between	(R)	and	(A/18).	An	application	of	this	finding	is	demonstrated	in	section	IV	sub-section	E.	
                                                
13 A	4x4	matrix	minus	four	unisons	from	when	notes	are	divided	into	themselves,	leaves	twelve	remaining	ratios.	
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Table	2.	Ratio	comparison	of	harmonic	interval	equivalence.14	
		Some	of	the	audio	segments	had	no	discernable	stable	frequency.	Figure	12	demonstrates	an	example,	initially	labelled	as	from	phrase	8,	notes	5	and	6.	In	this	example	the	Pied	Butcherbird	made	a	“rattle”	sound,	using	a	technique	similar	to	tremolo.	The	individual	components	of	this	area	were	too	small	to	select	a	stable	frequency	contour	and	one	of	the	audio	files	produced	a	frequency	variance	of	273	cents	across	the	three	analyses.	This	result	was	pronounced	inconclusive.		
                                                
14 Numerators	with	decimals	are	included	as	integers,	because	when	doubled,	they	become	integers	of	36	(double	18).	They	are	expressed	this	way	for	simplicity.	For	reference	to	alternative	interval	approximations	(Septimal	Minor	3rd,	Undecimal	Major	3rd,	Tridecimal	Diminished	5th)	refer	to:	http://www.huygens-fokker.org/docs/intervals.html	
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 Figure	12.	Praat	displaying	phrase	08,	‘notes’	5	and	6;	had	no	discernable	stable	frequency	contour	and	produced	inconclusive	results.	 
IV.												Suggested	Future	Improvements	With	the	degraded	condition	of	the	recording	(containing	background	noise	that	required	noise	reduction),	this	may	influence	the	accuracy	of	the	result.	Some	of	the	notes	analysed	were	so	short	that	that	sampling	them	can	be	less	accurate,	and	recording	artefacts	can	come	into	play.	Working	with	high	fidelity	audio	files	may	improve	the	consistency	in	the	results.	Recording	at	a	high	sample	rate	(192kHz)	will	mean	that	when	audio	files	can	be	slowed	down	to	25%	of	the	original	speed,	and	still	be	well	above	the	Nyquist	frequency15,	preventing	audio	artifacts	from	having	influence.	Using	a	microphone	with	a	flat	equaliser	response	curve	and	a	high	frequency	threshold,	would	help	allow	recordings	to	be	pitch-shifted	with	less	audio	degradation	during	the	process.		
                                                
15 Nyquist	Frequency	is	half	of	the	sampling	rate	of	an	audio	file.	To	preserve	the	full	frequency	spectrum	of	human	hearing	(0-20kHz)	in	a	recording,	the	sample	rate	must	be	at	least	double	40kHz.	
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Editing	individual	note	files	so	that	the	start	and	ending	occur	at	a	zero	crossing16	may	also	improve	consistency	between	analyses.	If	a	file	is	edited	to	start	or	end	while	a	sound	is	playing,	this	can	produce	an	audible	“click”,	which	may	affect	the	result.	Because	of	this,	in	future,	only	monaural	audio	files	will	be	used	for	analysis.	If	the	recording	is	done	in	stereo,	then	a	single	channel	will	be	chosen	for	analysis.	Stereo	recordings	can	have	zero	crossings	occurring	at	different	phases,	making	avoiding	clicks	difficult. 	By	removing	variables	that	may	contribute	to	inconsistent	results,	over	time	the	sample	size	will	increase	and	inconsistencies	can	be	identified	and	accounted	for.	Also	as	the	sample	size	increases,	providing	more	data	through	analysis,	there	may	be	identifiable	trends	relating	to	note	frequencies	and	intonation.	However,	one	of	the	primary	purposes	of	this	research	project	was	to	take	the	frequencies	of	the	recorded	Pied	Butcherbird	song	and	apply	them	in	a	creative	capacity.	
V.									Artistic	Application	
		Figure	13.	The	3D	spectrogram	score	developed	by	the	author	in	Adobe	AfterEffects.		The	primary	output	of	this	research	was	in	the	visual	expression	of	the	Crouch	(1977)	recording	as	a	3D	spectrogram.	Frequencies	from	low	to	high	are	arranged	on-screen	from	left	to	right,	their	amplitudes	represented	by	the	height	of	peaks	and	troughs	rendered	on-screen,	and	time	is	represented	as	a	third	dimension	such	that	visualised	sound	scrolls	down	towards	the	viewer.	Audible	sound	is	synchronised	with	the	3D	spectrogram	when	the	animated	visualisation	
                                                
16 Zero	crossings	are	points	in	time	in	an	audio	file,	where	the	sound	wave	amplitude	is	at	zero.	
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crosses	the	purple	playhead	(see	Figure	13).	This	allows	the	viewer	to	pre-empt	sounds	before	they	arrive	at	the	playhead,	as	they	can	see	a	representation	of	the	sound	before	they	hear	it.	It	follows	a	similar	approach	to	the	Decibel	ScorePlayer	(Hope	and	Vickery,	2009).	Rather	than	the	need	for	physically	turning	pages	of	a	paper	score,	animated	notation	solutions	such	as	the	
Decibel	Scoreplayer	allow	scores	to	scroll	across	the	computer	screen	or	tablet.			Coloured	bars	represent	musical	pitches	and	act	as	a	framework	reference	to	a	tuning	system.	The	visible	colour	spectrum	corresponds	with	white	notes	of	a	piano,	with	C	labelled	red,	D	being	orange	and	so	on,	up	the	diatonic	major	scale.	The	frequencies	are	all	whole	numbers,	with	C	ascribing	to	16,	32,	64,	128	Hz,	ascending.	With	each	ascending	octave	the	colours	repeat17.	Using	this	technique,	the	viewer	can	observe	a	visualisation	of	a	pitch	before	it	occurs	and	estimate	the	pitch	of	the	sound.	3D	spectrograms	can	be	used	as	a	tool	for	analysis,	composition,	and	as	a	score	for	live	performance,	when	coupled	with	knowledge	of	accurate	frequencies	and	interval	ratios.	With	this	framework,	a	field	recording	can	be	be	pitch-shifted	to	a	musical	key	that	if	it	lines	up	best	with	the	musical	pitch	lines.	Harmonisation	can	then	occur	visually	by	choosing	complimentary	“colours”	related	to	the	recorded	bird	“melody”.		The	common	denominator	of	18	between	the	most	common	interval	ratios	(R)		corresponds	with	the	orange	key	in	this	tuning.	By	taking	the	most	common	frequency	bin	in	the	recording	being	636.604hz,	I	pitched	shifted	the	recording	so	that	most	common	frequency	became	the	closest	product	of	18	(576	Hz).	This	equates	to	slowing	down	the	entire	recording	by	approximately	1	whole	tone18.	Using	Ableton	Live	(2015),	the	recording	was	‘warped’,	so	that	the	native	120	BPM	tempo	slowed	down	to	108.58	BPM,	bringing	the	most	common	frequency	in	line	with	the	orange	bar	on	the	3D	spectrogram.	Upon	rendering	the	slowed	down	version	of	the	recording,	into	a	3D	spectrogram,	many	of	the	of	the	recorded	Pied	song	notes	now	lined	up	with	coloured	bars.	This	suggests	that	the	Pied	Butcherbird	recording	was	successfully	calibrated	to	the	framework	of	the	3D	spectrogram	score.				By	successfully	calibrating	the	Crouch	(1977)	recording	to	the	coloured	bars	of	my	score,	I	was	able	to	use	the	recording	for	composition.	There	is	greater	chance	that	the	note	frequencies	produced	by	my	instruments	(16-tone	piano	and	3D	printed	flutes),	would	correlate	with	the	frequencies	in	the	recording.	This	led	to	the	development	of	a	composition	entitled	
CrouchMessiaenTaylor.		Traditional	music	notation	served	as	a	chief	compositional	tool	here,	
                                                17	Further	information	about	the	tuning	system	can	be	found	in	the	article	by	Maujean	and	Tsang	(2016):	http://econtact.ca/18_3/maujean-tsang_makestra.html	18	Accurate	pitch	shifting	was	achieved	through	Ableton	Live’s	warp	function.	Warp	is	set	to	“re	pitch”.		
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where	the	pitch-shifted	frequency	values	were	transcribed	into	Sibelius	(2107)	(using	quarter	tone	approximations)	to	serve	as	a	melodic	guide.	Parts	were	notated	for	violin,	trombone,	and	three	3D	printed	flutes;	each	aimed	to	‘contrapuntally’	support	the	birdsong	‘melody’,	and	transform	it	into	a	piece	of	music.	Upon	completion	of	the	composition	the	notated	lines	were	each	exported	as	audio	files,	which	were	then	rendered	as	a	3D	spectrogram	score	for	performance.	
	Figure	14.	Excerpt	of	3D	Spectrogram	score	for	CrouchMessiaenTaylor.		A	full	explanation	of	the	CrouchMessiaenTaylor	3D	spectrogram	extends	beyond	the	scope	of	this	thesis.	Suffice	to	say,	the	coloured	bars	(displayed	in	Figure	14)	correspond	with	3D	printed	flute	notes.	Each	coloured	3D	sound	visualisation	reflects	each	of	the	instrument	parts.		In	this	way,	this	single	video	served	as	a	score	and	conductor	for	the	ensemble.	The	3D	spectrogram	video	also	played	the	Crouch	(1977)	audio	(visualised	in	purple),	so	that	instrumentalists	could	play	their	parts	live	and	in	sync	with	the	recording.		Future	works	are	to	develop	on	this	set	of	compositional	techniques,	to	build	a	suite	of	compositions	drawn	from	birdsong	recordings.	However,	effective	development	of	these	compositions	requires	refining	and	improving	the	accuracy	and	efficiency	of	birdsong	frequency	analysis.			
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Chapter	Three	
I.												Conclusion	The	purpose	of	this	dissertation	was	to	develop	and	document	a	strategy	for	analysing	and	responding	to	field	recordings	of	birdsong.	The	ability	to	analyse	intonation	of	recorded	birdsong	is	dependant	on	accurate	frequency	readings.	Inaccuracies	in	frequency	results	compound	subsequent	analysis	discrepancies.	With	the	variance	between	closest	different	frequency	analysis	methods,	averaging	at	0.1258%	or	2.17	cents.	This	suggests	that	that	the	differing	analysis	methods	can	produce	results	that	are	accurate	by	collusion.	However	the	audio	appeared	to	need	to	be	edited	meticulously,	looking	for	the	most	stable	frequency	contour	in	each	note.	With	95%	of	notes	satisfying	the	0.5793%	or	10	cent	variation	threshold	for	inclusion	in	subsequent	analyses,	a	considerable	amount	of	the	data	was	usable.		This	study	focussed	on	a	single	recording,	meaning	a	small	sample	size.	Therefore	no	definitive	conclusions	can	be	applied	about	the	accuracy	of	frequency	analyses,	or	trends	around	the	intonation	of	the	Pied	Butcherbird.	The	process	of	isolating	stable	frequency	contours,	exporting	separate	audio	files,	analysing	frequency	and	then	comparing	for	inefficiency	is	time	consuming,	averaging	at	approximately	10	minutes	per	note	analysed.	While	it	may	produce	a	relatively	accurate	result,	this	process	needs	to	be	made	more	streamlined	and	efficient	before	being	applied	to	larger	sample	sizes.			A	strategy	for	comprehending	the	frequency	and	intonation	of	birdsong	phrases	and	notes	has	successfully	been	established.	Applying	this	method	can	equip	a	composer	with	an	alternative	pitch	set,	to	be	able	to	musically	respond	to	recorded	birdsong.	While	this	technique	is	still	in	development,	future	analyses	will	initially	aim	to	look	out	for	birdsongs	that	are	relatively	slower	in	tempo,	with	long	note	sustains	and	notes	with	generally	stable	frequency	contours.	
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